Synthesis of an Okazaki fragment occurs once every 1 or 2 s at the Escherichia coli replication fork. To account for the rapid recycling required of the lagging-strand polymerase, it has been proposed that it is held at the replication fork by protein-protein interactions with the leading-strand polymerase as part of a dimeric polymerase assembly. Solution studies showed that the replicative polymerase, the DNA polymerase III holoenzyme, was indeed a dimer with two catalytic cores held together by the subunit. However, the functionality of this arrangement at the replication fork has never been demonstrated. We showed previously that the laggingstrand polymerase acted processively during multiple rounds of Okazaki fragment synthesis, i.e. the same polymerase core assembly synthesized each and every fragment made by the fork. Using extreme dilution of active replication forks and the isolation of protein-DNA complexes capable of supporting coupled leading-and lagging-strand synthesis, we demonstrate here that this coupling of leading-and lagging-strand synthesis is, in fact, mediated by the subunit of the holoenzyme acting as a physical bridge between the core assemblies synthesizing the leading and lagging strands.
DNA synthesis at the replication fork is functionally asymmetric. The leading strand is synthesized continuously. In Escherichia coli, this amounts to the processive synthesis of roughly 2.4 megabases (1) . The lagging strand is synthesized discontinuously, in short Okazaki fragments 1-2 kb 1 in length. Thus, one replication fork must execute the lagging-strand synthetic cycle nearly 1000 times for each chromosome replicated. The catalytic polymerase assembly (the DNA polymerase III core, consisting of the ␣, ⑀, and subunits; Ref. 2 ) is present at only 10 -20 copies/cell (3) . Thus, rapid replacement of the lagging-strand polymerase from the pool of free cores in the cytoplasm for the synthesis of each Okazaki fragment seems unlikely.
To provide a means for efficient and rapid retargeting of the lagging-strand polymerase to the next primer after synthesis of an Okazaki fragment was completed, Alberts and colleagues (4, 5) proposed that the lagging-strand polymerase would be held at the replication fork via protein-protein interactions with the leading-strand polymerase. In this way, even though the lagging-strand polymerase must dissociate from the template after the completion of nascent strand synthesis, it would remain localized at the fork region, thereby decreasing the time required to find the next primer terminus (compared to the time that would be required if a new polymerase molecule had to associate with the fork from solution).
This hypothesis has seen a number of modifications over the years by and others (11) (12) (13) (14) (15) (16) (17) . However, the basic tenet has remained the same, i.e. that the polymerases at the replication fork are physically coupled. It was therefore of considerable interest when it was demonstrated that the replicative polymerase of E. coli, the DNA polymerase III holoenzyme (pol III HE or HE), was shown to contain a dimer of catalytic cores linked together by a dimer of the subunit (13, 18, 19) . However, to date it has never been demonstrated that this coupling of two polymerase active sites in solution mirrored a functional coupling of the polymerases at the replication fork.
The definitive test for coupled leading-and lagging-strand synthesis has been to ask whether Okazaki fragment size at active replication forks is resistant to dilution. The principle behind this is that if the lagging-strand polymerase is anchored to the replication fork by protein-protein interactions, extreme dilution will not affect the size of the Okazaki fragments synthesized. This is because the physical coupling makes the reassociation of the lagging-strand polymerase with the next primer concentration-independent. If coupling does not exist, dilution would be expected to result in an increase in the size of the Okazaki fragments because the lagging-strand polymerase being recruited from solution would take a longer time to associate with the fork. During this period, template generation still occurs, thus the distance on the lagging-strand template between successful initiations of Okazaki fragment synthesis would increase.
Using this technique, we showed previously that at the E. coli replication fork in vitro, the lagging-strand polymerase acted processively during multiple cycles of Okazaki fragment synthesis (16) . That is, the same lagging-strand polymerase synthesized all the Okazaki fragments. This demonstrated that leading-and lagging-strand synthesis was coupled. Recently, Richardson and colleagues (20) have shown a similar coupling in the bacteriophage T7 replication system. In that system, coupling appears to be mediated by the gene 4 helicase/primase and not to be a product of physical coupling of the two polymerases together. We could not determine, based on our original findings (16) , what the lagging-strand polymerase was coupled to. It could just as well have been coupled to a primosomal protein as to the leading-strand polymerase.
We have reinvestigated this issue using highly purified subunits of the pol III HE. We show, using both isolation of protein-template complexes capable of supporting leading-and lagging-strand synthesis and dilution experiments, that the subunit of the pol III HE is required for coupled synthesis at the replication fork. Thus, acts as a physical bridge between the two active core assemblies synthesizing the leading and lagging strands and also acts to retain the lagging-strand core at the replication fork as it cycles from the just completed Okazaki fragment to the next primer terminus.
MATERIALS AND METHODS
Reagents, DNAs, Enzymes, and Replication Proteins-NTPs, and dNTPs were from Pharmacia Biotech Inc. [␣-32 P]dATP was from Amersham Corp. Bio-Gel A-150m was from Bio-Rad. Alkaline phosphatase was from Boehringer Mannheim. Single-stranded circular DNAs from bacteriophages f1AY-7/M and f1R229-A/33 were prepared as described previously (21) .
PriA, PriB, PriC, DnaT, DnaB, DnaC, and DnaG were purified as described (22) . pol III HE subassemblies and subunits were purified as indicated: core (2), ␤ (23), and ␥ (24), ␦ and ␦Ј by an unpublished procedure, 2 and (25). The E. coli single-stranded DNA-binding protein (SSB) was purified according to Minden and Marians (26) .
Rolling Circle DNA Replication Assay-Tailed form II (TFII) DNA was prepared as described by Mok and Marians (26) . Reaction mixtures (12 l) containing 50 mM HEPES (pH 7.9), 12 mM MgOAc, 10 mM dithiothreitol, 5 M ATP, 80 mM KCl, 0.1 mg/ml bovine serum albumin, 1.1 M SSB, 0.42 nM TFII DNA, 3.2 nM DnaB, 56 nM DnaC, 680 nM DnaG, 28 nM DnaT, 2.5 nM PriA, 2.5 nM PriB, 2.5 nM PriC, and either the pol III HE, HE subunits, or subassemblies at 28 nM unless indicated otherwise, were preincubated at 30°C for 2 min. NTPs were added to final concentrations of 1 mM ATP, 200 M GTP, 200 M CTP, 200 M UTP, and dNTPs to 40 M and the reaction was incubated for 2 min at 30°C. [␣- 32 P]dATP (2000 -4000 cpm/pmol) was added to the reaction mixture, and the incubation was continued at 30°C for an additional 10 min. DNA synthesis was quenched by addition of EDTA to 40 mM. Total DNA synthesis was determined by assaying an aliquot of the reaction mixture for acid-insoluble radioactivity. DNA products were analyzed by alkaline gel electrophoresis as described (15) .
Dilution Protocols-Standard rolling circle reaction mixtures either in the presence or absence of primase, as indicated, were incubated for 2 min at 30°C in the absence of label to establish active replication forks. Aliquots (1 l) were then transferred to a prewarmed dilution reaction mixture (90 l) containing all buffer components, NTPs, dNTPs, [␣-32 P]dATP, SSB, primase, and pol III HE subunits or subassemblies as indicated in the figure legends at their standard concentrations, but that lacked DNA template and the preprimosomal proteins (PriA, PriB, PriC, DnaT, DnaB, and DnaC). The incubation was continued at 30°C for 10 min and terminated by the addition of EDTA. As a control for Okazaki fragment size, the original reaction mixture was incubated at 30°C for 10 min in the presence of [␣- 32 P]dATP and in the absence of any diluent. The reaction mixtures were treated with alkaline phosphatase (2 units) at 37°C for 45 min, and the DNA products analyzed by alkaline gel electrophoresis as described by Ref. 15 .
Isolation of Replication Fork Initiation
Complexes-A standard reaction mixture that had been increased in size 10-fold and in which the concentration of all the replication proteins and the TFII DNA (prepared using [ 3 H]TTP) was double the standard concentration, was incubated at 30°C for 5 min with 5 M ATP as the only nucleotide present. This reaction mixture was then loaded onto a 5-ml column of Bio-Gel A-150m (Bio-Rad) (formed in a 5-ml Falcon pipette) that had been equilibrated with buffer containing 62.5 mM HEPES (pH 7.9), 15 mM MgOAc, 12.5 mM dithiothreitol, 0.125 mg/ml bovine serum albumin, 100 mM KCl, 6.3 M ATP, and 50 M dCTP and dGTP. The column was developed with the same buffer, and fractions (0.2 ml) were collected. The TFII DNA was identified (by locating the 3 H), and the peak fraction was used for assay. Subsequent rolling circle replication assays contained an aliquot of the peak protein-DNA complex fraction (20 l), to which was added replication proteins as indicated in the figure legends (total volume, 2 l) and NTPS, dNTPs, and [␣- 32 P]dATP to their standard reaction concentrations (total volume, 2 l). This reaction mixture was incubated at 30°C for 10 min, and the reaction was terminated by the addition of EDTA to 40 mM. Alkaline phosphatase (2 units) was then added, and the incubation continued for 45 min at 37°C. DNA products were then analyzed by alkaline agarose gel electrophoresis as described (15) .
RESULTS

Leading-and Lagging-strand Synthesis at E. coli Replication Forks in Vitro Is
Coupled-We have been studying the action of the E. coli replication fork using a replication system reconstituted with purified proteins (15) (16) (17) (27) (28) (29) (30) (31) . A specialized TFII DNA template carrying a X174-type primosome assembly site (32) on the 5Ј-heterologous tail supports rolling circle DNA replication in the presence of the pol III HE, SSB, and the X-type primosomal proteins (PriA, PriB, PriC, DnaT, DnaB, DnaC, and DnaG; Ref. 33) . The latter group of proteins provides the priming and helicase functions at the replication forks. The DNA product produced is a long, multigenome length duplex tail composed of a continuous leading strand and short (1-2 kb) Okazaki fragments (15) . When analyzed by denaturing alkaline agarose gel electrophoresis, these products appear as a band that barely enters the gel (the leading strand) and a smear between 0.5 and 2.5 kb in size representing the Okazaki fragments (Ref. 15 and Fig. 1, lane 1) .
The action of a number of enzymatic components involved in lagging-strand synthesis could be sensitive to dilution. We have shown previously that the primase acts distributively FIG. 1. Coupled leading-and lagging-strand synthesis at the E. coli DNA replication fork. A, standard rolling circle replication reaction mixtures containing primase and bona fide pol III HE were incubated for 2 min to establish active replication forks and then diluted 90-fold as described under "Materials and Methods" into reaction mixtures where the primase and SSB concentrations were maintained. HE subunits or subassemblies maintained at their standard concentrations after dilution are indicated by a plus sign in the figure. Reaction mixtures were incubated for 10 min after dilution and the DNA products analyzed by alkaline agarose gel electrophoresis. BD, DNA product pattern before dilution. B, phosphorimager analysis of the lanes of the gel shown in panel A. PSL, photostimulated luminescence.
during multiple cycles of Okazaki fragment synthesis (15) , i.e. a new primase molecule is recruited from solution for the synthesis of each new primer, and that the cyclical association of primase with the replication fork sets the period of the lagging-strand cycle (16) . Thus, dilution of primase results in the generation of extremely large Okazaki fragments (15) . Several components of the lagging-strand polymerase could also be sensitive to dilution, because synthesis of each Okazaki fragment requires the assembly of a processive core-␤ (the processivity factor) assembly on the new primer terminus (34, 35) . Thus, not only the core, but ␤ and the ␥-complex (which is required to load ␤ onto the primer terminus so that it can form a processive complex with the core; Refs. 34 and 35), could be dilution-sensitive. Our previous studies had demonstrated that ␤ did, in fact, function stoichiometrically on the lagging strand and thus its dilution will lead to the production of large Okazaki fragments (15) . Finally, SSB also cycles on and off the lagging-strand template, coating it as it is generated by unwinding of the parental duplex catalyzed by DnaB at the advancing replication fork, and then being displaced as the lagging-strand polymerase synthesizes the nascent strand. Thus, SSB action during lagging-strand synthesis will also be sensitive to dilution.
We used the following protocol to study the processivity of the polymerase components on the lagging strand. Rolling circle synthesis was initiated in the presence of the TFII DNA template, SSB, the pol III HE, and the primosomal proteins. An aliquot was removed after a 2-min incubation that allowed the establishment of active replication forks and diluted 90-fold into a prewarmed reaction mixture that did not contain any additional template or preprimosomal proteins (PriA, PriB, PriC, DnaT, DnaB, and DnaC; Ref. 33 ). Because we were interested only in the effect of dilution on the polymerase components, the concentrations of DnaG and SSB were maintained at their initial levels in the diluted reaction mixture. Polymerase components were added as indicated in the figures, and the incubations were continued for 10 min before product analysis by denaturing alkaline agarose gel electrophoresis. No replication fork activity could be detected if reaction mixtures were assembled initially under the dilute conditions (data not shown).
Undiluted replication forks formed with the pol III HE generated the expected pattern of Okazaki fragments having an average size of 1.5 kb (Fig. 1, A and B, lane 1) . Replication forks that had been actively synthesizing leading and lagging strands for 2 min made Okazaki fragments about 4-fold longer in size after dilution of all polymerase components (Fig. 1, A  and B, lane 2) . The maintenance of either the concentration of ␤ (Fig. 1, A and B, lane 3) or the ␥-complex 3 ( Fig. 1, A and B, lane 4) after dilution resulted in a slight shift to smaller Okazaki fragments. When the concentration of both ␤ and the ␥-complex was maintained after dilution, the Okazaki fragments were about twice the size of the fragments formed by undiluted forks (Fig. 1, A and B, lane 5) .
The fact that diluted forks formed with the HE could synthesize Okazaki fragments near normal size after dilution argued strongly that leading-and lagging-strand synthesis was coupled. We have observed consistently that Okazaki fragments size is not recovered to precisely the same size distribution that existed prior to dilution. Whereas we have been unable to isolate the reason for this, we believe that it relates to the huge excess of SSB relative to the number of active forks that results from maintaining the concentration of this protein after dilution. Nevertheless, to demonstrate how a negative result would appear, we developed a system that we were certain would not exhibit coupled leading-and lagging-strand synthesis. To do so, we maintained the helicase and primase activities of the X-type primosome and substituted the bacteriophage T7 polymerase for the HE. This polymerase (Sequenase) is highly processive (20) ; however, coupling of the leading-and lagging-strand polymerases at a replication fork requires the presence of the bacteriophage T7 gene 4 helicase/ primase (20, 36) . Replication reactions containing the TFII template, Sequenase, and the primosomal proteins produced a long leading strand and an Okazaki fragment population nearly indistinguishable from those synthesized in the presence of the HE (Fig. 2, BD) . However, these products were completely sensitive to dilution. Even after a 10-min incubation, no DNA products could be detected (Fig. 2, AD) .
Thus, comparison with the results obtained with the Sequenase forks clearly indicated that the HE forks exhibited coupled leading-and lagging-strand synthesis. However, some of the results described in Fig. 1 were surprising. We had expected that Okazaki fragment size would have been very large in the instance where the ␤ concentration was not maintained, yet this was not the case. In addition, the observed decrease in size of Okazaki fragments when the concentration of the ␥-complex was maintained after dilution suggested that the ␥-complex or one of its constituents was acting distributively at the fork.
We were concerned that both of these observations might stem from the same cause. Because leading-and laggingstrand synthesis is allowed for 2 min before dilution, about 80 Okazaki fragments will be made per fork. The ␤ dimers that were used for lagging-strand synthesis are left behind on the nascent duplex DNA after the lagging-strand core cycles to the new primer terminus (37) . These ␤ subunits are eventually recycled (15) and Stukenberg et al. (36) showed that ␤ subunits on duplex DNA can be utilized by the ␥-complex for assembly of a new initiation complex. Thus, after dilution, a pool of ␤ will exist on the diluted replication forks. The local concentration of these ␤ subunits will therefore effectively be very high. Thus, 3 Other than the interactions between and DnaB and ␣, and ␥ are functionally interchangeable. Thus the DnaX complex can be 4 ␦␦Ј, ␥ 4 ␦␦Ј, or 2 ␥ 2 ␦␦Ј. The maintenance of the concentration of the ␥-complex after dilution is used here merely as a means of maintaining the total concentration of active ␤-clamp loader in the reaction mixture.
FIG. 2.
Leading-and lagging-strand synthesis at replication forks formed with the primosomal proteins and the bacteriophage T7 DNA polymerase are not coupled. A standard rolling circle replication reaction mixture containing the primosomal proteins and bacteriophage T7 DNA polymerase (at 20.3 nM) in place of the pol III HE was diluted 90-fold as described under "Materials and Methods" into a reaction mixture where only the concentrations of primase and SSB were maintained. BD and AD, DNA products formed before and after dilution, respectively. The faint bands that appear near the 6.6-and 9.4-kb markers in BD and AD, respectively, are monomer and dimer template, respectively, that become labeled by the addition of a few nucleotides.
even if the nominal concentration of ␤ was not maintained after dilution, the orphaned ␤ subunits could contribute to rapid polymerase recycling leading to relatively short Okazaki fragments. Similarly, the maintenance of only the concentration of the ␥-complex after dilution would help to accelerate recycling of the ␤ subunits off the DNA. We developed an alternative dilution procedure to circumvent these possible complicating issues (Fig. 3) .
Primase was omitted from the initial incubation and added only after dilution. In this way, no lagging-strand synthesis could occur prior to dilution and there would be no residual ␤ subunits on the DNA to artifactually influence the results observed. When this experiment was performed, the results were different from those observed in Fig. 1 . Before dilution, the replication forks synthesized only leading-strand DNA (Fig. 3, A and B, lane 1) . After dilution into reaction mixtures containing primase, Okazaki fragments were made; however, they were very large (Fig. 3, A and B, lane 2) . As expected, maintenance of the concentration of only the ␥-complex after dilution had no effect on Okazaki fragment size, generating a pattern indistinguishable from that observed when all polymerase components were diluted (Fig. 3, A and B , compare lane 4 to lane 2). Maintenance of either the ␤ concentration or the concentrations of both ␤ and the ␥-complex after dilution resulted in superimposable patterns of lagging-strand products, with an average size of about 3 kb (Fig. 3, A and B, compare  lanes 3 and 5) .
These results suggest, because lagging-strand synthesis was not ongoing before dilution of the replication forks, that the lagging-strand polymerase was physically coupled to the leading-strand polymerase and thus was available at the replication fork after dilution when lagging-strand synthesis was initiated. In addition, because only the concentration of the ␤ subunit had to be maintained after fork dilution in order to observe Okazaki fragment synthesis, these data also indicate that the ␤ clamp loading assembly, presumably in this case the ␥-complex, also remained associated continuously with the replication fork. Thus, a HE particle that acts processively for the life of the replication fork is likely to contain two coupled cores, a ␤ dimer on the leading-strand side, and the ␥-complex. The disposition of the latter assembly is not clear.
In earlier studies, we had suggested that either the ␥-complex or one of its components acted distributively during multiple cycles of Okazaki fragment synthesis (15) . It is clear now that conclusion derived from the ability of the ␥-complex to recycle the ␤ subunits orphaned on the DNA in the first stage of the reaction, an issue not appreciated at the time.
We investigated more closely the issue of whether a coupled polymerase existed in the absence of Okazaki fragments synthesis by developing a procedure that allowed us to isolate a protein-DNA template complex capable of supporting coupled leading-and lagging-strand synthesis.
Assembly of Coupled Leading-and Lagging-strand Polymerases at an Active Replication Fork Does Not Require Ongoing Okazaki Fragment Synthesis-If
, as suggested by the data presented in the previous section, the lagging-strand polymerase is associated with the HE at a fork that is synthesizing only leading strands, we should be able to isolate a complex of the polymerase and the primosome that could sustain coupled leading-and lagging-strand synthesis in the absence of the addition of any polymerase components other than ␤.
To explore this possibility, the HE was incubated for 5 min in the presence of the preprimosomal proteins, SSB, the TFII DNA template, 5 M ATP, and two dNTPs to allow complex formation to occur. A low concentration of ATP was used to permit both preprimosome assembly on the PAS (38) and polymerase initiation complex formation on the 3Ј-end of the TFII DNA (34, 35) . However, at this low concentration of ATP, the preprimosome will not translocate along the DNA. The two dNTPs would help stabilize the polymerase initiation complex by allowing it to cycle between polymerization and hydrolysis (39). The reaction mixture was then filtered through a column of Bio-Gel A-150m that had been equilibrated with the same reaction buffer. Protein complexes that formed were recovered in the excluded volume of the column where the TFII DNA elutes. Control experiments showed that the TFII DNA could be separated from both free HE and DnaB (Fig. 4A) by this procedure. Because these are the largest protein complexes present in the reaction mixture, we were confident that any proteins recovered in the excluded volume appeared there because of formation of a protein-DNA complex.
Recovered protein-DNA complexes were supplemented with the two remaining dNTPs, 1 mM ATP, and the three other NTPs. In the absence of , no DNA replication activity could be recovered (data not shown). In the absence of primase, only a leading strand was produced (Fig. 4, B and C, lane 1) . As would be expected because there would be very little ␤ available for initiation complex formation, the addition of only primase led to the production of extremely large Okazaki fragments (Fig. 4,  B and C, lane 2) . As was the case for replication fork dilution in the absence of initial lagging-strand synthesis (Fig. 3) , the addition of the ␥-complex alone had only a slight effect on Okazaki fragment size (Fig. 4, B and C, compare lanes 4 and 2) . The addition of ␤ was required to generate a discrete population of Okazaki fragments of near normal size (Fig. 4, B and C,  lane 3) . We did observe an additional decrease in Okazaki fragment length when both ␤ and the ␥-complex were added to the isolated protein-DNA complexes (Fig. 4, B and C, compare  lanes 5 and 3) . We attribute this to some of the ␥-complex being unstable to the isolation procedure used here. Unlike the dilution experiments, an active fork was not generated prior to isolation. Perhaps this stabilizes ␥-complex in the HE particle at the replisome.
These data demonstrate unequivocally, because there was no free core present in the reaction mixture, that the association between the leading-and lagging-strand polymerases either pre-exists replication fork assembly or is established when the leading-strand initiation complex is formed. However, it is clear that active lagging-strand synthesis is not required for this event.
Couples the Leading-and Lagging-strand Polymerases at the Replication Fork-The demonstration above that the complex between the leading-and lagging-strand polymerases preexisted lagging-strand synthesis raised the question of the manner of coupling between the two polymerase assemblies. It has been clearly established that in solution a dimer of the subunit bridges two core assemblies to form pol IIIЈ (18) and that this persists in pol III* (19) and the HE (13, 19) as well. We asked whether this bridge formed the basis of coupling of the leading-and lagging-strand polymerases at the replication fork as well.
We have shown previously that replication forks formed in the absence of synthesized shorter leading and lagging strands than those formed in the presence of this subunit. We established that a -DnaB interaction was required to mediate rapid replication fork movement (31) and that the -less fork moved at about 5% the rate of one that contained . The reason that the Okazaki fragments synthesized were smaller was that the period of the Okazaki priming cycle remained the same. Thus, at the slower rate of replication fork movement, the distance on the lagging-strand template between two primers that are used to initiate Okazaki fragment synthesis decreases.
Replication forks formed in the absence of gave the expected pattern of short leading-and lagging-strand products (Fig. 5, lane 1) . These replication forks were completely sensitive to dilution. No DNA replication could be recovered no matter what polymerase subunit or subassembly was maintained at the original concentration after dilution (Fig. 5, lanes  2-5) . We conclude that the presence of the subunit is required to couple the leading-and lagging-strand polymerases at the replication fork. DISCUSSION The enzymatic machinery that constitutes the replisome must coordinate all the necessary steps of DNA replication in a highly ordered fashion. The events that make up the cycle of lagging-strand synthesis are executed repeatedly within a relatively short time frame. The physical basis of this type of coordination has long been attributed to protein-protein inter- FIG. 4 . Assembly of a dimeric polymerase in the replisome is independent of ongoing lagging-strand synthesis. A, control showing that the gel filtration conditions were adequate for the separation of TFII DNA (E) from both the pol III HE (f) (assayed by using an oligo(dT)-poly(dA) primer template) and DnaB (e) (assayed by using complementation of crude extracts prepared from a strain carrying a temperature-sensitive dnaB allele in the X174 complementary strand DNA replication reaction; Ref. 22) . B, replication fork initiation complexes formed in the presence of bona fide pol III HE and isolated as described under "Materials and Methods" were incubated at the standard concentration with primase, SSB, ␤, and the ␥-complex, as indicated, in standard rolling circle replication reaction mixtures for 10 min. DNA products were analyzed by alkaline agarose gel electrophoresis. C, phosphorimager analysis of the lanes of the gel shown in panel B.
FIG. 5.
couples the leading-and lagging-strand polymerases at the replication fork. Rolling circle replication reaction mixtures containing the preprimosomal proteins, pol III core, ␤, and the ␥ complex at their standard concentrations were incubated for 2 min to establish active replication forks and then diluted 90-fold as described under "Materials and Methods" into reaction mixtures containing primase and SSB at their standard concentrations. HE subunits or subassemblies maintained at their standard concentrations after dilution are indicated in the figure. Incubation was for 10 min after dilution. DNA products were analyzed by alkaline agarose gel electrophoresis. BD, DNA products formed before dilution.
actions between the components at the fork. However, the identification of these interactions has been difficult.
Currently, we know of four crucial protein-protein interactions at the fork: (i) an interaction between and DnaB that is required to mediate rapid replication fork movement (31), (ii) an interaction between DnaG and DnaB that is required to attract the distributively acting primase to the replication fork (40) , (iii) an interaction between primase and the HE that is required to limit primer length at the fork to 10 -12 nt (29), and (iv) an interaction between the lagging-strand polymerase and some other replisome component that is required to retain this polymerase at the fork as it cycles from the just completed Okazaki fragment to the next primer terminus (16) .
Solution studies on the structure of the HE demonstrated that, in fact, it was composed of a dimer of the catalytic cores anchored by a dimer of the subunit (13, 18, 19) . Whereas this was very suggestive of the anticipated geometry at the replication fork vis à vis Albert's proposal (4, 5) , there has been no experimental evidence reported that suggested that this was the functional arrangement at an active replication fork.
To address this issue, we have continued our analyses of replication fork function by investigating the physical basis of the coupling of leading-and lagging-strand synthesis at active replication forks. We demonstrate here: (i) that lagging-strand synthesis was resistant to extreme dilution, indicating that the lagging-strand polymerase was physically associated with the leading-strand replication proteins, (ii) that the association of the lagging-strand polymerase with the other components of the HE at the replication fork did not require active laggingstrand synthesis, indicating that assembly of the dimeric polymerase at the replication fork was programmed into the structure of the replisome components, (iii) that the active HE particle at the replication fork carried with it the ␤ processivity clamp loading apparatus, and (iv) that coupling of leading-and lagging-strand synthesis at the replication fork was mediated by a physical connection consisting of the subunit bridging the leading-and lagging-strand polymerases in space.
Thus, DNA replication in E. coli fulfills the predictions originally advanced in the models of Alberts and colleagues (4 -7) in that leading-and lagging-strand DNA synthesis is coordinated via a physical interaction between the two polymerases that are engaged at the fork. Coupled DNA synthesis has also been reported for the bacteriophage T7 fork (19) and for the bacteriophage T4 fork (6) . Studies on eukaryotic replication forks have yet to address this question experimentally. It will be interesting to determine whether this phenomenon, which is clearly directed at increasing efficiency at the bacterial replication forks, is conserved in higher systems. The significantly slower speed of the eukaryotic fork and the much greater abundance of the polymerases relative to the number of active forks reduces the impetus for coupling of leading-and laggingstrand synthesis in those systems.
The dimeric polymerase at the E. coli replication fork is likely to have a functional asymmetry in the distribution of subunits, as proposed earlier (11, 12, 24) . The active polymerases form a symmetrical unit with the dimer of that bridges them. We have shown that the clamp loading subassembly, in the experiments described here, the ␥-complex, remains associated with the fork throughout its apparent lifetime. How will this complex be disposed with respect to the other subunits of the HE?
The interaction that anchors ␥ at the fork is itself symmetrical, being the 2 ␥ 2 heterotetramer (19, 41) . However, there is only one copy each of the ␦, ␦Ј, , and subunits per DnaX tetramer in the complex (42, 43) . Functionally, at an active replication fork, the clamp-loading complex should be located so that it has easy access to the 3Ј end of the new primer terminus. It is here that a new preinitiation complex must be assembled for each new cycle of lagging-strand synthesis. Nominally, this would seem to be on the lagging-strand side of the fork. Primase enters the fork via a protein-protein interaction with DnaB, and the helicase travels along the lagging-strand template in the 5Ј33Ј direction. Thus, the ␦, ␦Ј, , and subunits may be associated with the half of the ␥-heterotetramer where the subunit is bound to the lagging-strand core. The protein-protein interaction between and DnaB that mediates rapid replication fork movement may be with the that contacts the leading-strand core. This interaction, which we have proposed defines the leading-strand half of the HE (31), may direct occupancy of the DnaX component on the laggingstrand half of the polymerase by the ␦, ␦Ј, , and subunits. Of course, other arrangements are possible. Subunit assortment at the fork could be unrelated to the known solution stoichiometries, where function does not drive the evolution of the architecture of the HE particle as strongly as it would at an active replication fork.
What are the enzymatic consequences of this physical coupling of the leading-and lagging-strand polymerases? Is the connection merely a physical hook to raise the local concentration of the lagging-strand polymerase with respect to the new primer terminus? Or does it do that and more? Is the connection that has been established an informational one? Answers to these intriguing questions await additional investigation.
